ABBREVIATIONS CHS = cerebral hyperperfusion syndrome; DSA = digital subtraction angiography; EDAS = encephaloduroarteriosynangiosis; ICA = internal carotid artery; MCA = middle cerebral artery; MMD = moyamoya disease; MRA = MR angiography; mRS = modified Rankin Scale; PCA = posterior cerebral artery; STA = superficial temporal artery; TIA = transient ischemic attack.
M oyaMoya disease (MMD) is characterized by chronic, progressive stenosis or occlusion of unknown cause that affects the distal internal carotid artery (ICA) or the proximal middle cerebral artery (MCA), along with development of collateral vessels at the base of the brain. 40 Although there has been no randomized controlled trial comparing surgical or medical treatment in MMD patients, revascularization surgery has generally been accepted as an effective measure for treatment of MMD in the long term. 23, 34, 38 However, the incidence of postoperative complications such as cerebral ischemia has been increasingly reported, with these complications being more frequent in adult MMD patients than in pediatric patients. 21 Also, patients with MMD have a significantly higher risk for cerebral hyperperfusion syndrome (CHS) than those with other occlusive cerebrovascular diseases. 10, 13 These procedure-related complications could lead to potential neurological deterioration and permanent neurological deficits. 1, 2, 26 Accordingly, preventing and managing these immediate postoperative complications are essential for ensuring the benefits of surgical treatment. 27 Reports on postoperative complications in MMD patients after revascularization are scant. The risk factors of postoperative complications are still unclear. The impact of those complications on outcomes after revascularization remains obscure. Thus, we conducted this study to explore the risk factors associated with postoperative complications and to clarify the relation of these complications with surgical outcomes.
Methods

Study Design and Participants
The participants included in this study were from a single-center cohort of MMD patients treated between 2009 and 2015. 4 Consecutive cases involving MMD patients who underwent surgical revascularization at the Stroke Center of Beijing Tiantan Hospital were reviewed. The diagnosis of MMD was confirmed with digital subtraction angiography (DSA) and/or MR angiography (MRA) based on the criteria of the Research Committee on Spontaneous Occlusion of the Circle of Willis (2012). 36 Patients with moyamoya syndrome due to other clear disease entities were excluded from the current study. Pediatric patients (less than 18 years old) were also excluded. Written informed consent was obtained from all patients. The study was performed according to the guidelines of the Helsinki Declaration and was approved by the ethics committee of Beijing Tiantan Hospital.
Perioperative Evaluations
We reviewed the medical records of the included patients to assess possible risk factors associated with the development of postoperative complications, such as age, sex, onset manifestation, past medical history, neurological status, and imaging findings. We categorized the onset manifestation into 3 main types: ischemic (cerebral infarction and transient ischemic attack [TIA] ), hemorrhagic, and nonspecific symptoms (headache, epilepsy, and asymptomatic). A standardized perioperative management protocol was applied in all cases, and all patients under-went a CT scan on postoperative day 1. Repeat CT or MRI scans were performed in cases of postoperative neurological deterioration. Surgical complications, including new infarction, hyperperfusion syndrome, impaired wound healing, and subdural effusion were recorded. Clinically evident neurological deficits that occurred within 14 days after surgery and could be explained by cerebral hypoperfusion were categorized as postoperative ischemia, which was confirmed as new signs of ischemia on postoperative imaging. CHS was diagnosed if the patient demonstrated a focal seizure, or reversible deterioration of consciousness level with behavioral and/or speech abnormalities, or intracranial hemorrhage on CT, along with absence of a definite new infarction on a brain CT scan and/or diffusion-weighted MRI. 43 Neurological status was evaluated with the modified Rankin Scale (mRS) on admission, at discharge, and at follow-up. 29 Patients were followed up by means of clinic or telephone interviews at 3-6 months after surgery and annually thereafter. Doctors who performed follow-up assessments were blinded to surgical groups.
Surgical Modalities
The principles of the surgical strategies were as follows. First, the indication for revascularization was based on the guidelines set by the Japanese Ministry of Health and Welfare. 36 The symptomatic and hemodynamically affected hemisphere was the preferred side for revascularization surgery. Second, if the patient's symptoms were significantly improved after the first surgery and the patient did not have symptoms that could be ascribed to the contralateral hemisphere, operative treatment of the contralateral hemisphere was not considered. Otherwise, surgery on the contralateral hemisphere was performed.
The surgical procedures of MMD could be divided into 3 categories: indirect bypass, direct bypass, and combined bypass. Direct bypass involves the end-to-side anastomosis of the branches of the superficial temporal artery (STA) to the cortical branches of middle cerebral artery (MCA). The graft patency was routinely confirmed with intraoperative indocyanine green videoangiography or postoperative CT angiography. Indirect bypass included encephaloduroarteriosynangiosis (EDAS) and multiple burr holes. For EDAS, the STA and accompanying cuff of galea connective tissue were exposed. The STA was sutured onto the brain surface after being dissected free. For multiple burr holes, 5-15 burr holes were placed over the hypoperfusion brain area; the underlying dura was incised and separated. If both direct and indirect bypass procedures were performed on a single hemisphere, the operation was classified as a combined bypass procedure.
Follow-Up
Patients were followed up by face-to-face or telephone interviews at 3-6 months after surgery and annually thereafter. Doctors performing follow-up assessments were blinded to baseline information. Clinical outcomes including recurrent strokes (intracranial hemorrhage and cerebral ischemia) and neurological status (mRS) were collected during follow-ups.
Statistical Analysis and Propensity-Score Matching
The categorical variables are presented as counts (with percentages); continuous variables are presented as the means ± standard deviations. The Pearson chi-square test, Fisher exact test, or Mann-Whitney U-test were used to compare categorical variables as appropriate. Two-tailed t-tests were used to compare continuous variables. Odds ratios (ORs) and 95% confidence intervals (CIs) for postoperative ischemia or hyperperfusion for potential risk factors were calculated by univariate and multivariate logistic regression analyses.
We used propensity-score analysis methodology to compare outcomes of patients in the complications group with those of patients in the no-complications group. This approach was used to reduce the imbalance in baseline patient characteristics between the 2 groups. On the basis of covariates from the logistic model, we generated a propensity score for each patient with respect to age, sex, presentation type, hypertension, diabetes, admission mRS score, Suzuki stage, posterior cerebral artery (PCA) involvement, and surgery type. We used the nearest matching algorithm with a 1:1 ratio. The outcomes of interest were stroke events and mRS scores during follow-up. Kaplan-Meier survival analysis was used to compare the stroke-free survival rates between patients with and without complications. A p value < 0.05 was considered to be statistically significant. Statistical analysis was performed using the R statistical program (version 3.3.1; R core team).
Results
Baseline Characteristics and Incidence of Postoperative Complications
A total of 500 patients (227 males and 273 females) were included in the study. Among them, 110 patients (40 males and 70 females) received a second operation on the contralateral side, for a total of 610 procedures. The patients' mean age at the time of these procedures was 37.5 ± 9.4 years. Analyzed per procedure, the clinical presentation was ischemia in 371 (60.8%) cases, hemorrhage in 196 (32.1%), and nonspecific symptoms in 43 (7.0%).
Operative procedures included 199 indirect bypasses, 291 direct bypasses, and 120 combined bypasses. Postoperative complications were observed after 74 (12.1%) of the operations, including new postoperative ischemia in 30 cases (4.9%), hyperperfusion in 27 (4.4%), impaired wound healing in 12 (2.0%), and subdural effusion in 6 (1.0%). One patient had intracerebral hemorrhage after postoperative ischemia. Stratified by surgery type, the numbers of complications and rates were as follows: 25 (12.6%) for indirect bypass, 37 (12.7%) for direct bypass, and 12 (10.0%) for combined bypass (p = 0.726). A comparison of the baseline characteristics of patients with any postoperative complications and those without postoperative complications is presented in Table 1 . Patients with postoperative complications tended to be male, be older, have higher Suzuki stages of MMD, and have a higher prevalence of diabetes (all p < 0.05).
Postoperative Ischemia
Postoperative ischemic complications occurred in 30 hemispheres (4.9%) in 30 patients. In 11 cases, the complications occurred after indirect bypass; in 12, after direct bypass; and in 7, after combined bypass. Thirteen patients with ischemic complications had neurological sequelae and had worse neurological status at discharge (higher mRS score) than at admission. The prevalence of preoperative ischemic presentation (90.0% vs 59.3%, p = 0.001) and distribution of Suzuki stages (p = 0.005) differed significantly between the group with new-onset postoperative ischemia (n = 30) and the group that did not have postoperative ischemic complications (n = 580) ( Table 2 ). Univariate analysis showed that preoperative ischemic presentation and Suzuki stage were significantly associated with postoperative ischemia. After adjustment for cofounding variables in multivariate analysis, preoperative ischemic presentation (OR 5.845, 95% CI 1.654-20.653, p = 0.006) and Suzuki stage (OR 1.669, 95% CI 1.059-2.632, p = 0.027) remained significantly associated with postoperative ischemia (Table 3) .
Postoperative Hyperperfusion Complications
Symptomatic hyperperfusion occurred after 27 (4.4%) procedures. Eight of these complications occurred after indirect bypass, 16 occurred after direct bypass, and 3 occurred after combined bypass (Table 2 ), resulting in rates of 4.0%, 5.5%, and 2.5%, respectively, for the 3 types of surgery. The symptoms of CHS included cerebral hemorrhage in 8 patients, epilepsy in 7, aphasia/dysarthria in 10, and limb weakness in 2. The timing of onset of the patients' neurological deficit symptoms varied from 1 to 6 days (mean 3.3 ± 1.8 days) after surgery and most of these symptoms disappeared completely after 1-12 days (mean 4.0 ± 3.1 days). The mRS score was worse at discharge than at admission in 6 (22%) of the 27 patients who experienced symptomatic postoperative hyperperfusion, whereas the remaining 21 patients recovered to their preoperative state or better.
Patients with postoperative hyperperfusion were more likely to be male and they had a higher prevalence of hypertension or diabetes than patients without ( Table 2 ). In univariate analysis, age, male sex, preoperative ischemic presentation, hypertension, and diabetes all showed significant association with postoperative hyperperfusion. The multivariate logistic regression analysis demonstrated that preoperative ischemic presentation (OR 5.73, 95% CI 1.27-25.88, p = 0.023) and admission mRS score (OR 1.81, 95% CI 1.06-3.10, p = 0.031) were significantly associated with postoperative symptomatic CHS (Table 4) .
Postoperative Complications and Long-Term Clinical Outcomes
After excluding 41 revascularizations (6.7%) due to loss of the patients to follow-up and 37 revascularizations (6.2%) with less than 1 month of available followup, 532 revascularizations were included in the analysis of outcomes. A total of 25 stroke events occurred during follow-up. We did not observe a significant difference in stroke-free survival between the indirect, direct, or combined bypass groups (p = 0.308). We then matched 67 revascularizations with postoperative complications to 67 revascularizations without postoperative complications according to propensity scores. The clinical characteristics and radiographic features of these 2 groups are presented in Table 5 . The matched groups were compared to ensure that no significant differences were present between these 2 groups after propensity-score matching. In the 67 cases of revascularization with postoperative complications, 18 patients (24.3%) had mRS scores > 2 at discharge. Compared with patients without postoperative complications, patients who experienced any postoperative complication had longer hospital stays (p < 0.0001) and worse mRS scores at discharge (p < 0.0001). Kaplan-Meier analysis (by hemisphere, Fig. 1 ) showed no significant difference in stroke-free survival between the postoperative complications and no-complication groups (p = 0.513) during follow-up. The overall stroke rate was 2.13 per 100 patient-years for the complications group and 1.77 per 100 patient-years for the no-complications group. At the final follow-up (mean time since surgery 27.8 ± 16.5 months), 14 (77.8%) of 18 patients with complications and mRS scores > 2 at discharge had recovered to mRS score < 2. Patients who had postoperative complications were more likely to have functional disability (follow-up mRS score > 2) than those without postoperative complications (11.9% vs 4.5%, p = 0.116). The overall mRS scores at admission, discharge, and last follow-up are shown in Fig. 2 for the complications group and no-complications groups.
Discussion
Our study demonstrates that postoperative complications occurred in 12.1% (74 of 610) of the revascularization procedures in adult patients with MMD. The most common postoperative complications were new ischemia and CHS. Advanced Suzuki stage was an independent risk factor for postoperative ischemia, and mRS score on admission was independently associated with postoperative CHS. In addition, preoperative ischemic presentation was an independent predictor for both postoperative ischemia and CHS. Moreover, postoperative complications were significantly associated with worse outcomes at discharge, although this effect seem to be diminished in follow-up. The cerebral vascular supply of MMD is characterized by a dynamic transitional state of conversion of the internal carotid system to the external carotid system (IC-EC conversion). 11, 40 Revascularization is employed for treatment of MMD to complement the "IC-EC conversion" and thus prevent secondary events. Surgical complications of MMD include both neurological (postoperative cerebral infarction and CHS) and nonneurological complications. 11 Cerebral ischemia shortly after surgery represents a serious postoperative complication. The previously reported rate of postoperative ischemia in adult MMD patients varies from 1.5% to 11.4% for direct/combined bypass 12, 18, 20 and from 3.0% to 11.1% for indirect bypass. 21, 26, 30 A recent meta-analysis showed that perioperative ischemia (cerebral ischemic event within 30 days of bypass) rates by procedure type were 4.8% for indirect bypass, 3.2% for direct bypass, and 4.1% for combined bypass. 39 The frequency of postoperative ischemia in our study (5.5% for indirect bypass, 4.1% for direct bypass, and 5.8% for combined bypass) is consistent with rates reported in the previous reports, showing an almost equal distribution of ischemic events after surgery for different bypass types. Attempts have been made to identify risk factors for postoperative ischemia. Frequent occurrence of preopera- tive TIAs has also been suggested as an important indicator of perioperative ischemic complication risk. 18 Other factors, such as female sex, 22 hypotension, hypocapnia, perioperative hypovolemia, brain atrophy, 25, 37 presence of underlying disease, 12 and disease involvement in the PCA, 20 have been previously reported to be associated with increase of postoperative ischemic complications in MMD patients. Controversy still remains in the literature regarding which contribute as risk factors. In our study, higher Suzuki stage and a preceding ischemic presentation were verified to be independent risk factors associated with new ischemia after revascularization, findings that are in line with previous reports. The relationship between these risk factors and postoperative ischemia is likely due to cerebral hemodynamic compromise. Patients with an advanced Suzuki stage and those with a preoperative ischemic presentation are more likely to have poor collateralization pathways to compensate for the hemodynamic impairment. Surgical procedures may induce stress on hemodynamic regulation and thus lead to ischemic complications. Besides the hemodynamic issue, postoperative development of new bypass flow could stimulate occlusion of the stenotic ICA or proximal MCA, leading to thrombotic occlusion. 28 Thromboembolism from the anastomosed artery could also result in hypoperfusion at the associated peripheral vascular territory. 8 In addition, swelling of the temporal muscle used for indirect bypass is another possible cause of cerebral ischemia during the acute stage. 7 Another common neurological complication after surgical treatment of MMD is CHS. Hyperperfusion syndrome in MMD was first reported by Uno et al. in a patient after extracranial-intracranial bypass in 1998. 42 It has been reported that patients with MMD have a significantly higher risk for CHS after bypass surgery than patients with other atherosclerotic occlusive cerebrovascular diseases. 10 Moreover, studies on postoperative CHS in MMD patients suggest that most CHS occurred in patients after direct bypass procedures in moyamoya disease. 44 The incidence of symptomatic CHS in adult MMD patients has been reported at rates ranging from 6.7% to 38.2%. 6, 10, 24, 33 The incidence of radiological hyperperfusion could be high as 67.5%. 41 In contrast to previous studies, the incidence of symptomatic CHS in the present study is 4.0% for indirect bypass and 4.6% for direct/combined bypass. One possible reason for this relatively low rate of postoperative CHS is that we strictly maintained the systolic blood pressure of all patients at 120 mm Hg to 130 mm Hg in the perioperative period. Intravenous urapidil was administered intermittently or infused continuously in hypertensive patients, if necessary. Controlling the systolic blood pressure to between 110 mm Hg and 130 mm Hg was previously reported to reduce the risk of CHS to 6.7%. 6 Our results provide further evidence of the importance of appropriate blood pressure management in the perioperative period. However, it should be noted that with the lowering of blood pressure, the risk of cerebral ischemia might increase. Maintaining the patient's postoperative blood pressure near their preoperative level may be recommended. 20 The use of free-radical scavengers could be an additional treatment to counteract secondary brain injury due to CHS. 32 Further studies would be necessary to determine the optimal perioperative blood pressure management. Interestingly, 8 patients were found to have CHS in our indirect bypass group. It was previously thought that 3-4 months were required for development of surgical collaterals after indirect bypass surgery. 16 However, the studies on which that belief was based did not examine changes in cerebral blood flow shortly after surgery. In an experimental study, angiogenesis was reported to be established within 1 week after indirect revascularization. 31 A recent study demonstrated that mean transit time delay began to decrease within 1 week after indirect bypass in MMD patients. 17 Furthermore, Cho et al. 3 reported that some moyamoya patients who presented with postoperative transient neurological deterioration after indirect surgery showed significantly increased cerebral blood flow in both the operated hemisphere and the focal hyperperfusion area compared with their preoperative findings. Some mechanisms were speculated: 1) release of growth factors or neuropeptides can cause a focal vasodilating effect and 2) increase in CBF may result from focal neuronal excitability by some factors, such as insulin-like growth factor and fibroblast growth factor. 3 These findings raise interesting questions regarding the immediate postoperative period after indirect revascularization. At present, a unified definition has not been established for CHS in MMD patients who have undergone revascularization surgery. CHS is usually characterized by unilateral headache, face pain, seizures, and transient neurological deficits. 43 The clinical signs of CHS in our series of MMD patients included fluctuating aphasia, dysarthria, and numbness/weakness in the limb contralateral to the anatomical site of the anastomosis. Although patients did not have preoperative seizures and antiepileptic drugs were administered postoperatively, we cannot completely exclude the possibility that some CHS patients in the indirect bypass group could have had partial or complex seizures. Presumably, the neurological deficits in these patients with hyperperfusion without postoperative hemorrhage are transient. Those neurological deficits were usually observed within 1 week after the surgery and resolved before discharge in our study. However, a previous study found that asymptomatic or transient cerebral hyperperfusion can impair cognitive function. 15 Future studies focusing on cognitive impairment in the perioperative period may provide more information to guide the management of surgically treated MMD patients.
Risk factors for postoperative CHS have been less well studied than those for postoperative ischemia. Preoperative ischemic presentation and higher admission mRS score were found to be independent risk factors for postoperative CHS in our study. This is in accordance with a previous study which concluded that symptomatic hyperperfusion occurred more often in ischemic-onset patients than in hemorrhagic-onset patients. 14 On the contrary, Fujimura et al. 9 stated that patients with adult-onset disease and those with hemorrhagic onset are at significantly higher risk for postoperative hyperperfusion. Differences in the patient populations, CHS detection methods, surgical techniques, and perioperative management may contribute to the discrepancy. Since patients with preoperative ischemic presentation are prone to both postoperative ischemia and hyperperfusion, the perioperative management of those patients should be treated with caution. It is important to identify CHS because the treatment for it is the opposite of that of ischemia. A patient with postoperative CHS would require a tighter control of blood pressure, whereas a patient with postoperative ischemia will most likely require an increase in blood pressure and perfusion. Clarification of the mechanisms of CHS and postoperative ischemia in MMD is imperative for development of optimal perioperative management to avoid postoperative complications, including both CHS and cerebral ischemia.
The difference in surgical efficacy between different bypass techniques remains controversial in the treatment of adult MMD. Direct or combined bypass procedures have been recommended in adult MMD patients because these surgeries seem to be more effective at preventing future stroke risk than indirect bypass in these patients. 19, 27 However, it has been postulated that direct bypass may result in higher rates of postoperative complications than indirect bypass. The direct bypass is more technically challenging, and operation takes more time. Although direct bypass can immediately increase cerebral blood flow in the chronically ischemic brain, it could also lead to hyperperfusion. In addition, direct bypass is more invasive and requires temporary vascular occlusion during the anastomosis, which can lead to postoperative ischemia. A pooled data analysis of 967 cases showed that the incidence of postoperative hemorrhage within 30 days after revascularization was significantly lower in patients treated with indirect bypass compared with those who underwent direct or combined bypasses. 39 A recent meta-analysis investigating surgical outcomes of symptomatic MMD patients showed that perioperative complications were more frequent in the direct bypass group (30.2%) than in the indirect bypass group (18.8%), but the difference did not reach statistical significance (p = 0.176). 35 In our study, we did not see a significant difference in the overall postoperative complication rate when comparing the different surgical modalities.
The long-term prognosis of postoperative complications is unclear. We found that although postoperative complications may cause unfavorable short-term outcomes, they might not have a significant impact on longterm outcomes. Though there was a shift toward worse neurological status in the complication group compared with the group without postoperative complications, the difference did not reach statistical significance. This result may in part be due to insufficient statistical power in the long-term analysis or the lack of sensitivity of the mRS for more subtle deficits. Since most events are related to hemodynamic imbalance, complications in MMD are rarely disastrous. Reportedly, over 75% of MMD patients have a benign course without significant daily dysfunction after surgical treatment. 5 Although the benefit of direct bypass has been reported in treating patients with adult-onset MMD presenting with ischemia, 27 no significant difference in stroke-free survival between the different surgical modalities was found in patients with various presentations in our group. Multicenter randomized controlled trials comparing different surgical or medical treatments are needed to elucidate outcomes for adult MMD patients. A notable finding in our study was that patients with postoperative hemorrhages in the CHS group were most likely to have recurrent strokes and worse outcomes, but there was not enough power to draw definitive conclusions due to the relatively small number of patients with postoperative hemorrhage.
Several potential limitations of our study should be noted. This is a single-center study, and selection bias existed. There is potential bias in patient selection for the different surgical procedures. To reduce the imbalance of baseline characteristics and maximize the power of the study, we conducted propensity-score matching for the follow-up analysis. Although many clinical factors were recorded in our data, hematocrit values and intraoperative measures were not analyzed in this study. Nevertheless, to the best of our knowledge, this is the largest study to investigate complications of revascularizations in MMD. Further studies are required to assess the optimal perioperative management to reduce postoperative complications.
Conclusions
Our study demonstrates that postoperative complications occurred after 12.1% of the revascularization procedures performed for treatment of adult patients with MMD. We found that advanced Suzuki stage and preoperative ischemic presentation were independent risk factors for postoperative ischemia and that admission mRS score and preoperative ischemic presentation were independently associated with postoperative CHS. Postoperative complications were significantly associated with worse outcomes at discharge. No significant differences in stroke-free survival and neurological status were detected between patients with and without postoperative complications during follow-up.
